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Abstract 
Determination of fracture toughness in hybrid composites, fiber-metal laminates, FML, is very important to perform an analysis 
of structural integrity to estimate damage tolerated and residual strength of the material against the propagation of cracks. This 
evaluation should be done both as naval and aircraft structures using FML CARALL composites (CArbon Reinforced Aluminum 
Laminates) type. In this work, the experimental determination of fracture toughness is presented in terms of the parameters J and 
CTOD using compact specimens C(T) on the laminated composite 5/4 with foils of 6061-O and carbon fibers NCT-301 
embedded in epoxy resin. The results indicate that the adaptation of the elastic-plastic fracture toughness techniques is acceptable 
to use for determining J toughness on CARALL type composites. A fracture surface analysis is also performed using optical and 
SEM microscopy techniques to observe the shape of crack propagation and the process of delaminating and fiber breakage, 
which is the main fracture mechanism in these materials 
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1. Introduction 
The hybrid composites, fiber-metal laminates FML (Vogelesang, 1983), consists of thin sheets of aluminum co-
laminated alternately with layers of unidirectional carbon fiber embedded in a matrix of epoxy resin. The FML 
composites are lightweight materials with high resistance to crack propagation, resistance to cumulative damage and 
low moisture absorption. Consequently, these materials have a high level of application in aerospace and 
shipbuilding, as well as a very important potential application in different vehicle structures (Palkowski and Lange, 
2007). These materials have the characteristic that the crack propagation occurs by the mechanism known as fiber-
bridging (Lin and Kao, 1995). When the crack tip grows perpendicular to the fiber such propagation mainly occurs 
through the aluminum sheets and is accompanied by a controlled delaminate, between the metallic sheets and the 
polymer matrix. This causes minimal damage to the fibers that remain mostly intact behind the crack tip. This 
mechanism is the key to reducing the stress intensity factor at the crack tip to reduce crack growth rate. The 
application of this type of composite material in aeronautical and naval structures uses advanced design criteria and 
the concept of tolerated damage. Undoubtedly, this approach requires knowledge of the fatigue crack propagation 
characteristics of components or structural parts and also needs to know the behavior of fracture toughness to 
establish the conditions for critical crack size under different load conditions and residual strength. However the 
residual strength to the failure condition is a complex event involving multiple failure mechanisms, such as plastic 
deformation, static delaminated, crack growth in metallic sheet and fiber breakage (Macheret et al., 1988). 
In some analysis models, fracture toughness in a FML composite was determined using the linear-elastic fracture 
mechanics practice using, for example, ASTM E-561 (2005) standard. However when the FML material response is 
observed on a load-displacement (P-VLL) record with different types of standardized specimens, a behavior that 
deviates markedly from linearity appears even with signs of a stable crack growth rate and  pop-in instabilities or 
directly followed by the condition of fracture. This has led, by analogy with the metallic materials, to apply elastic-
plastic fracture mechanics test techniques (Integral J and CTOD) on FML composites using the methodology of the 
ASTM standard E-1820 (2001)  to determine the critical fracture toughness (Castrodezza et al., 2002). 
It should be noted that this fracture toughness criteria with its respective testing techniques shows limitations and 
discussion about the representativeness to determine the residual strength of FML composite materials having 
mechanical anisotropy, thin thickness, dependence on the geometry and a mechanism of fracture associating the 
metal fracture propagation and delaminate between metallic sheet and the resin layers reinforced with nonmetallic 
fibers. 
In this paper an experimental determination of fracture toughness in terms of J and CTOD parameters on a 
CARALL FML composite material, with aluminum metallic sheets and carbon fibers embedded in epoxy resin, is 
presented. 
 
2. Materials and Methods 
2.1. Material 
A CARALL FML composite made of aluminum sheet metal 6061-O and carbon fiber unidirectional NCT-301 
impregnated with epoxy resin was used. This resin present in the carbon fiber is used for the co-lamination between 
layers of unidirectional fiber and aluminum alloy to produce the composite. 
In Tables 1 and 2 the mechanical properties of Al 6061-O, in the annealed condition, and the carbon fiber used in 
the manufacture of compound are shown. 
The laminate for experimental use was prepared with square plates of 120 mm side according to the stacking 
sequence or arrangement represented by the indication m / n (m = n + 1), where m is the number of layers of 
aluminum and the quantity n the number of layers of fibers impregnated in resin. In this work an arrangement 5/4 
(Al-0-Al-90-Al-90-Al-0-Al) was used, where 0 ° and 90 ° are the orientation of carbon fiber relative to the rolling 
direction of aluminum alloy. 
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          Table 1.  Mechanical properties of aluminum 6061-O  
 E (GPa) Ȟxy 
V0.2 
(MPa) 
Vr  
(MPa) 
H 
(%) 
6061-O 69 0.33 85 150 20 
    Table 2.  Mechanical properties of carbon fiber 
 E1 (GPa) 
E2 
(GPa) Ȟ21 
G12 
(GPa) 
FPF1 
(kN) 
FPF2 
(kN) 
NCT-
301 129.4 8.0 0.33 4.28 18.6 1.25 
                                               FPF: rupture load 
 
Table 3 shows the mechanical properties determined in the tensile test of the composite CARALL 5/4 with Al 
6061-O. The curing of the composite was performed with vacuum bag and autoclave curing at a pressure of 6 bars 
and a temperature of 178 °C such registration like it shows in Fig.1. 
                                                                     Table 3. Mechanical properties of CARALL 5/4 
CARALL 
5/4 
V0,2 
(MPa) 
Ex 
(GPa) 
Ey 
(GPa) Ȟxy 
Gxy 
(GPa) 
6061-O 175 72.3 72.3 0.28 23.7 
 
                                        
0
1
2
3
4
5
6
7
0 1 2 3 4 5 6 7 8
Time (h)
Pressure
(bar)
0
20
40
60
80
100
120
140
160
Temp.
(ºC)
Pressure
Temperature
 
 
       Fig.1. Autoclave curing cycle, ramp of pressure and temperature 
2.2. Integral J Test 
 
The elastic-plastic test methodology was used both for the determination of the parameter J and į (CTOD) 
according to the guidelines of ASTM 1820 (Rios et al., 2008). The standard compact specimens, C (T), used for J 
integral testing, were manufactured by CNC machining according to sketch shows in Fig. 2. A device has been used 
to prevent lateral buckling or distortion of the specimen due to the thin thickness of the same (B =3.6 mm). The 
notch of the specimen was finished with a radius of 0.15 mm at its tip without fatigue pre-cracked.  
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                                                                             Fig. 2. CT specimen, W= 50 mm, a0= 25 mm and B= 3.6 mm 
The test has been performed using a servo-hydraulic testing machine where measurement of displacement in the 
load application line was carried out by a clip gage extensometer which is mounted on the specimen C(T) at the slots 
of the mouth of  the notch, located on the load application line. 
J integral has been calculated according to ASTM, and the sum of the elastic and plastic components according to 
Eq. (1): 
JplJelJ    .      (1) 
The elastic component is calculated using Eq. (2):
     
    
E
KJel I
2
  ,      
(2) 
being KI calculated according to the expression established in ASTM as well as the plastic component J, but using 
Eq. (3): 
                                                               
0
plAJpl
b B
K
    , (3) 
where b0 = W-a0  (Fig. 2), Apl  = plastic area, 02 0,522 /b WK    
The determination of į (CTOD) was also conducted according to ASTM as described in E1820-01 for specimens 
C(T) whereas, as for the calculation of J, the sum of two components of į: an elastic and other plastic. In all cases 
the standard for determining both J and į has used the instability or critical value in terms of JC and įC and using the 
technique of ASTM. 
Furthermore a cyclic crack propagation testing has been made, with the same specimen dimensions and type C(T) 
indicated in Fig. 2, to observe both optical and electron microscopy (SEM) the failure mechanism in the composite 
tested. 
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3. Results and Discussion 
Fig. 3 shows P- VLL plot, being displacement VLL the line of action of the load measured with the clip gage in the 
mouth of the crack (COD). The behavior that has been observed in the fracture test of composite CARALL is related 
to a monotonous load growth up to 3000 N, value from which the complete instability of the material occurred and a 
load sharp drop in  without recovery of it. 
Prior to reaching the critical load value or instability, it was noted through optical tracking rounding effect of the 
notch tip due to the process of plastic deformation in the metallic sheet. Stable crack growth prior to the instability 
was not observed. Taking into account the fracture material behavior verified, with absence of small instabilities of 
the type pop-in, justified the determination of critical or instability fracture toughness parameter according to ASTM 
E 1820 used in this work to calculate the values of JC Ec. (1) and (2). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  P-VLL  plot,  J testing, CARALL 5/4 Al. 6061-O,  thickness 3,6 mm 
Table 4 summarizes the values obtained from the fracture toughness testing. Since in the analysis of tolerated 
damage a methodology based on the stress intensity factor K is applied, the Table 4 also contains the K value, 
referred as critical (KC). This parameter is obtained from JC and using Eq. (2) to obtain the value of KC. Finally it can 
be inferred that the results of fracture toughness are consistent for the CARALL composite evaluated, with reference 
to the other composites of the same type ARALL or GLARE reported in the literature (Lin et al., 1991). 
                                         Table 4. Critical fracture toughness values 
Material Probe Thickness 
 (mm) 
JC 
(kJ/m2) 
KC 
(MPam) 
GC  (CTOD) 
(mm) 
CARALL (5/4) C(T) 3.6 117 98 0.88 
 
The nonlinear behavior of CARALL composite has been put in evidence in the fracture toughness test, with 
ASTM C(T) test specimens, showing the feasibility to use elastic-plastic fracture toughness methodology. 
However, it would need a comprehensive and systematic validation work to predict the remaining resistance on 
real structural elements from experimental results with test specimens of reduced size and establish specific rules for 
fracture toughness characterization on FML composites. 
Finally a cyclic testing crack propagation in compact specimen C(T) has allowed to observe the characteristic 
mechanism of crack propagation in the CARALL composite. The crack growth rate used (¨a/¨N ) is 2 10-9 m/cycle 
with a value of ǻK of 7 MPa¥m, obtaining a crack of 1.8 mm from the notch tip. 
In Fig. 4 can be optically observed the crack propagated, and at the crack tip a significant plastic deformation 
related to the propagation in the metallic sheet.  Fig. 5 shows the crack front obtained by SEM microscopy where it  
can be observed the crack growth in the metallic sheets and the breaking of the carbon fibers with a resin layers, 
normal to the growing  direction of the crack and the location corresponding to 90° orientation of the array 5/4. 
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Fig. 4. Fatigue crack growth, CARALL 5/4 (Al.6061-O) 
 
 
                                               
Fig.5. Crack front in growing direction, CARALL 5/4 (Al. 6061-O) 
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Fig. 6; broken of the carbon fibres layers (90) and metallic sheet, CARALL 5/4 (Al. 6061-O) 
 
Unlike a metallic material where it would have expected more propagation of crack in the center of crack front, 
Fig. 5 shows a smaller increase of the crack in this zone for CARALL composite. 
This different shape of crack propagation appears due to the mechanism of fiber-bridging, characteristic of this 
type of composite. Fig. 6 shows in detail the boundary between the layer of broken fibers and the metallic sheet. 
4. Conclusions 
It has been determined the critical fracture toughness in a composite FML 5/4 CARALL made with sheets of 
aluminum 6061-0, 3.6 mm thick. The values of JC are consistent with the background in the literature and can infer 
the applicability of the elastic-plastic composites for characterizing FML methodology. However it is necessary 
further the validation for larger structural elements for reliable applicability damage tolerance analysis.  
In developing the J test has not revealed the growth of pre-crack instability. Upon reaching the critical value, the 
specimen becomes completely unstable beyond recovery monotonous loading process. Therefore to observe the 
failure mechanism of the FML composite is need for testing cyclic crack propagation. 
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